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ABSTRACT 
We report the experimental and theoretical studies on the dynamics of a fiber ring laser system which contains a 
length of erbium doped fiber pumped at 980nm connected to a fiber loop consisting of a micro-optic gas cell and a 
tunable bandpass filter. Due to a long loop length ~60m of the system, the number of cavity modes present in the 
1nm filter bandwidth is extremely large. As a result, the effect of spontaneous emission into these laser modes plays 
an important role in determining the dynamics of the laser. A theoretical model which incorporates the effect of 
spontaneous emission into multiple laser modes is described and it is shown to be in agreement with experimental 
results obtained. A detailed analysis has been performed on the relaxation oscillations induced during the transient 
operation of the laser with the aim of using it as a tool for obtaining laser parameters.  
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1. INTRODUCTION 
Current interest in the development of fiber optic gas sensors has stimulated the need for research into high 
sensitivity methods for detection of trace gases.  This arises because gas absorption lines in the near-IR are two or 
three orders of magnitude weaker than the fundamental absorption lines in the mid-IR.  High sensitivity methods for 
detection of small changes in optical absorption are also beneficial for various liquid/chemical sensors, evanescent 
wave sensors and for other types of physical sensors.  One technique which potentially offers extremely high 
sensitivity is the method of intra-cavity laser absorption spectroscopy (ICLAS) where multiple circulations occur in 
a laser cavity during the build-up period of laser power1.  Our recent research has been concerned with the 
development of ICLAS with erbium-fiber ring lasers containing a micro-optic cell within the cavity2 (Fig. 1). For 
fiber lasers, relaxation oscillations occur during the transient period while the laser power settles to its steady-state 
value.  A detailed understanding of the characteristics of these oscillations as well as the dynamics of the power 
build-up process resulting from a step input to the pump power is essential for the design of an ICLAS system.  In 
this paper, we report the theoretical and experimental aspects of fiber ring laser dynamics for a system consisting of 
~10m of erbium-doped fiber pumped at 980nm and connected to an external passive fiber cavity of length ~60m 
with an intra-cavity optical filter of ~1nm bandwidth. 
 
Experiments were conducted for measuring system parameters and for characterizing relaxation oscillations 
observed during the build up of laser oscillations.  Relaxation oscillations are quasi sinusoidal exponentially damped 
oscillations about the steady state laser output3. They are characterized by the values of relaxation oscillation 
frequency and decay constant and these are obtained through data analysis of the laser output. Previously reported 
theoretical models4-7 do not provide a good fit to experimental data. The reason could be that these models do not 
take into account the effects of spontaneous emission. Since a ring cavity length of ~60m has a longitudinal mode 
spacing of ~3.5MHz there are ~35,000 modes within the 120GHz bandwidth of the optical filter and hence 
spontaneous emission to cavity modes can have a very significant effect on the dynamics of the fiber laser.  The 
important effect of spontaneous emission on the characteristics of relaxation oscillations, especially near threshold, 
has been discussed by Bohm8 for a Nd3+ -doped fibre laser.  In this paper, a detailed theoretical analysis and 
simulation is presented which takes into consideration spontaneous emission into multiple laser modes and predicts 
the experimental data with reasonable accuracy. 
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The paper is organized as follows. Section 2 describes the experimental fiber ring laser system. Section 3 discusses 
the importance of relaxation oscillations for obtaining information about the laser parameters. A theoretical model 
for describing the laser dynamics, including spontaneous emission, is presented in Section 4. Section 5 gives details 
on the experiments and simulations performed and results are compared with the theoretical model. The key 
conclusions are given in Section 6. 
 
 
2. THE FIBER RING LASER SYSTEM 
The experimental setup, as shown in Fig. 1 is a tunable fiber ring laser system in which the wavelength of laser 
oscillation can be tuned in the range 1520-1565nm by adjusting the tunable bandpass filter which has a bandwidth 
~120GHz (or ~1nm). The system consists of a 10.7m long erbium-doped fiber which is pumped by a 980nm source. 
The pump power can be varied through a control voltage which is supplied by a function generator. The external 
cavity consists of a fiber loop of length ~60m with a 5cm open path micro-optical gas cell. At steady state laser 
oscillation, the net loss in the external cavity (~20dB in our case) is exactly balanced by the net gain of the EDFA. 
For monitoring purposes 10% of the laser output is coupled out to a digital oscilloscope which is triggered by the 
function generator used to drive the pump. The data from the oscilloscope is then transferred to a PC where it is 
analyzed. 
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                    Figure 1: The fiber ring laser system                                     Figure 2: Typical output of the laser system (simulation) 
 
A typical output from the laser (simulation) is shown in Fig. 2. The laser is turned on/off by supplying a square wave 
from the function generator to the pump power control voltage. Data from the later part of the output which consists 
of the relaxation oscillations is analyzed to extract meaningful parameters like the relaxation oscillation frequency, 
and decay constant. The square wave used has a time period of 500ms and a duty cycle of 50%. The long time period 
ensures that the system is devoid of photons from previous cycles.  
 
3. RELAXATION OSCILLATIONS 
Relaxation oscillations are small amplitude quasi-sinusoidal exponentially damped oscillations about the mean laser 
output power. They are observed whenever the laser system is perturbed. The nature of the response depends on 
several factors like the populations of the different laser levels, pump power, cavity loss, upper state lifetime etc. 
Since relaxation oscillations are easy to observe and measure, their complete understanding yields valuable 
information about the system parameters and the dynamics of laser oscillations. 
 
To study relaxation oscillations the laser is repeatedly turned on and off by switching the pump on and off. 
Typically, the pump power is varied from 0 to a value above threshold. The laser output initially shows spiking (see 
Fig. 2) which settles down to relaxation oscillations as the system approaches steady state. Relaxation oscillations 
should not be confused with laser spiking which are large amplitude fluctuations and non sinusoidal in nature. The 
relaxation oscillation frequency is typically of the order of 105 Hz and the decay constant is ~5000. 
 
4. THEORETICAL ANALYSIS OF RING LASER DYNAMICS 
The EDF ring laser is a three-level laser system and, as mentioned earlier, the number of laser modes possible in the 
cavity is quite large which means that the effects of spontaneous emission into a large number of modes needs to be 
taken into account. For that purpose, the parameter m is introduced, which is the number of longitudinal into which 
spontaneous emission takes place. Using the two-level approximate model given by Sun9, we define N(t) as the 
length-averaged normalized population of the upper laser level, given by N(t) = total number of atoms in upper laser 
level/ρSl. Parameters for the erbium doped fiber used (Fibercore Ltd) are given in Table 1.  
 
Wavelength λ (nm) Absorption Coefficient  (dB m-1) Emission Coefficient  (dB m-1) 
980 (pump) 4.46 (αp) - 
1560 2.21 (αq) 3.33 (γq) 
 
Table 1: Parameters for the EDF used. Core cross section used, S = 13.85 x 10-12 m2, erbium ion density ρ = 5.8 x 1024 ions m-3, 
length of fiber l = 10.7 m. 
 
The cavity rate equation for a single laser mode which falls within the filter bandwidth without the contribution of 
spontaneous emission is given by: 
 
 ( )( )( ) ( ) 1q cg t lq qdM t M t edt ατ −= −  (1.1) 
The atomic rate equation is given by: 
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where Mq is the number of photons in each laser mode at the amplifier input,τ is the round trip time of the cavity, αc 
is the total cavity loss coefficient of the external cavity, τ0 is the spontaneous emission lifetime of the upper laser 
level, Pin is the input pump power in photons per second, gq is the length averaged gain coefficient of the EDFA and 
gp is the length averaged gain coefficient for the pump. They are defined as follows: 
 ( ) ( ) ( )q q q qg t N tα γ α= + −  (1.3) 
 ( ) (1 ( ))p pg t N tα= − −  (1.4) 
Similar forms for the cavity and atomic rate equations are given by Chieng4, 7.  However, spontaneous emission 
contributes photons into all the oscillating laser modes and to include this effect one has to invoke a fundamental 
result of quantum mechanics. The result is that “the spontaneous emission rate from any given set of atom into any 
one individual cavity mode is exactly equal to the stimulated emission rate that could be produced from those atoms 
by one photon of coherent signal energy present in the same mode”3. From (1.1) it can be seen that spontaneous 
emission contribution into each laser mode will be exp(γqN(t)l)/τ . 
 
If we assume that the properties of the laser system do not change appreciably for the m oscillating modes, then we 
can write  M(t) = ∑ Mq(t). Where M(t) is the total number of photons in the laser cavity at the amplifier input and the 
summation is over the m modes. The modified cavity and atomic rate equations are then  
 ( )( ) ( )( ) ( ) 1m c mg t l N t ldM t M t me edt α γτ τ−= − +  (1.5) 
and  
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These two rate equations contain complete information about the dynamics of the laser system. Since they are non 
linear coupled equations a straightforward analytical solution is not feasible. A numerical solution of these set of 
equations is presented later in this paper. They can be analyzed under certain approximations corresponding to real 
physical situations and an analytical solution is possible in those cases. One of these cases is relaxations oscillations 
where we have small amplitude perturbations to the steady state. The subscript “ss” in the following equations refer 
to steady state values. In the small perturbation approximation one can make the approximation gmss l ≈ αc and obtain 
expressions for the steady state population inversion Nss , steady state photon number Mss, threshold pump power Pth, 
relaxation oscillation frequency ω and relaxation oscillation decay constant α as follows: 
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Where sF is defined as  
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Although the exact value of the experimental relaxation oscillations frequency is √(ω2 - α2), replacing it with ω 
introduces only a small error since ω2 >> α2.  Note that equations (1.10) to (1.12) reduce to the form previously 
reported5,6 if the spontaneous emission effects are ignored (i.e. by setting m=0). With the exception of Nss all other 
parameters can be measured experimentally. Mss/τ  is the steady state power at the input of the fibre amplifier.   
 
5. EXPERIMENTAL ANALYSIS OF FIBER RING LASER SYSTEM 
For verifying the theoretical model of Section 4, the various fibre laser parameters need to be measured 
experimentally. The experiments conducted consist of two parts. The first part is the measurement of steady state 
laser power as a function of pump power and also the measurement of the threshold pump power. Using these 
results, (1.8) and (1.9) may be used to calculate the values of τ0 and αc . The second part of the measurement is to 
determine the values of relaxation oscillation frequency and decay constant. The values obtained in the first part can 
then be used to obtain the value of m by using either (1.10) or (1.11). The data presented below is for λ = 1560nm.  
5.1 Measurement of cavity loss and threshold pump power 
Note from (1.9) that the steady state power in the fiber entering the EDF depends on the pump power and the 
threshold pump power. By plotting the steady state power in the fiber as a function of pump power, the value of 
cavity loss coefficient can be determined from the slope, and the value of threshold pump power from the intercept. 
Another way of measuring the threshold pump power independently is to read off the pump power value shown in 
the EDFA unit when the laser just starts to produce an output. However, this method is not very accurate as one is 
limited by the sensitivity of the display but the method can be used as a check on the value of threshold pump power 
obtained through the graph. While trying to calculate αc through (1.9) it must be kept in mind that the output 
measured by a power meter at the output coupler is 10% of the power at point A (see Fig. 1), but the power 
appearing in the equations is the power at the amplifier input, point B. To take care of this, the loss between points 
A-B is estimated and this value is used to calculate the power at point B by applying suitable loss to power at point 
A. Once this is done, (1.9) can then be used to calculate the value of αc .The loss between points A-B has been 
estimated to be ~ 3dB. We arrive at this figure by estimating the loss due to individual components as follows. 90% 
transmission through coupler ~ 0.45dB, isolator ~ 1.5dB, 980/1550nm WDM ~ 1dB. 
 
For the system under consideration and using the above methods, the value of threshold power was determined to be 
13mW, close to the approximate value directly read from the EDFA unit. The value for the cavity loss coefficient 
was found to be 21.54dB. With the value of threshold pump power and cavity loss coefficient known, the value of 
the spontaneous emission lifetime, τ0, for the upper laser level was determined to be 10.97ms using (1.7) and (1.8), 
similar to values quoted in the literature4-7. 
 
5.2 Experimental characterization of relaxation oscillations 
The values of relaxation oscillation frequency and decay constant were obtained by data analysis of the laser output. 
Relaxation oscillations can be expressed in functional form as: 
 20 1 3 4( ; ) cos( )
u tf t u u u e u t u−= + −  (1.13) 
where u is the set of parameters. 
The part of the laser output (see Figure 2) corresponding to relaxation oscillations was fitted to this functional form 
by using software such as MATHCAD and values of ω and α obtained. Since there is no direct way of measuring the 
number of modes, m, we obtained the value of m by solving (1.11) (or (1.10) ) for m. To confirm that the experiment 
and the model agree with each other, we used the values of all the parameters calculated above to simulate the laser 
dynamics by solving (1.5) and (1.6) starting from time t = 0. From the output of the simulation the values of 
relaxation oscillation frequency and decay constant are calculated. A good match between these values and the 
experimental values indicate that the model is in agreement with experiment. The experimental and simulation 
results are shown in Table 2. 
 
Experimental Values Simulation Values Pump Power (mW) 
α ω (rad s-1) 
Mode Number 
m α ω (rad s-1) 
51.9 3946 1.02x105 531 3329 1.01x105 
55.08 4263 1.08x105 654 3806 1.06x105 
61.46 4555 1.20x105 773 4115 1.13x105 
67.84 5497 1.30x105 1246 5210 1.21x105 
74.22 5612 1.38x105 1311 5297 1.27x105 
86.98 7359 1.59x105 2487 6671 1.39x105 
 
                          Table 2: Experimental characterization of relaxation oscillation along with simulation results for λ = 1560nm. 
 
From Table 2 it is observed that the simulation results are close to the experimental results at lower pump powers but 
show appreciable deviation at higher pump powers. The reason for this is not clear at the moment but may be due to 
an error in the estimated value for the cavity loss between points A and B. 
 
6. CONCLUSIONS 
In this paper we have provided a comprehensive theoretical model of fibre laser dynamics to include the effects of 
spontaneous emission.  This latter feature is very important when considering fibre laser systems with large cavity 
lengths of several tens of metres where the longitudinal mode spacing is small, typically of a few MHz.  
Experimental results confirm that the effects of spontaneous emission cannot be neglected and reasonable agreement 
between theory and experiment has been demonstrated, although some further investigation is required.  The results 
obtained provide an important step toward the development of a fibre laser system for intra-cavity spectroscopy 
where high sensitivity is attained through multiple circulations within a laser cavity during the build-up period of 
laser power. 
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